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Abstract
Eutrophication remains one of the foremost environmental issues threatening the quality of surface 
waters yet comparatively little is known of the timing, magnitude and characteristics of nutrient-related 
changes in highly calcareous (marl) lakes. This review focuses on marl lake ecology and chemistry, 
their known responses to eutrophication, and also highlights questions that remain unanswered. 
In good condition, marl lakes support a diversity of macrophytes, especially Characeae and 
Potamogetonaceae, which can grow to considerable depth. High water transparency and low 
phosphorus and phytoplankton concentrations are facilitated by the coprecipitation of marl and 
phosphorus. Although large amounts of phosphorus can be thus removed, buffering against 
eutrophication, macrophyte communities can undergo significant change under rather low nutrient 
concentrations.  Maximum colonisation depth declines and tolerant species replace sensitive species, 
with losses particularly among charophytes. Marl lakes are therefore ecologically highly sensitive.
The effects of coprecipitation on long-term burial of phosphorus are contested.  Several palaeolimno-
logical studies have identified iron complexes as more important than calcite, as chemical conditions 
in the sediment may promote either calcite dissolution or calcite-bound phosphorus exchange, 
or possibly both. Some marl lakes have been shown to have phosphorus concentrations which, 
compared with other lake types, are higher than expected in winter and lower in summer. The 
phosphorus binding capacity of marl sediment has not to our knowledge been adequately researched.
Marl precipitation may be inhibited by high phosphate or organic matter concentrations in the water, 
or when biological communities effecting precipitation (picoplankton, charophytes, epiphytes) 
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Introduction
Marl lakes are a rare calcareous lake type with unique 
biological and chemical properties, found where basins of 
impermeable rock are surrounded by geology of limestone, 
calcareous sandstones or chalk, or in the case of for example 
the machair lochs in Scotland, in areas with ancient shell 
deposits (Pentecost, 2009).  Marl lakes are widely distributed 
across the world, found in mountain areas at relatively high 
altitudes (Stabel, 1986; Ishaq and Kaul, 1988, 1989; Samu 
et al., 2010), and in lowland areas (Krienitz et al., 1996; Pent
ecost, 2009; Ludovisi & Gaino, 2010), including for example 
Lake Balaton (Hungary), the largest shallow lake in Central 
Europe (Korponai et al., 2011).  While deep marl lakes are 
found for example in the US (Stauffer, 1985), Switzerland 
(Wieland et al., 2001) and Germany (Stabel, 1986; Krienitz 
et al., 1996), marl lakes in the UK are mostly shallow 
(Pentecost, 2009). There are also globally widely distributed 
carbonate-precipitating saline lakes (Gasse & Fontes, 
1989 (Central Afar, Rep. of Djibouti); Sklyarov et al., 2010 
(Ol’khon, Russia)), as well as (sub)tropical freshwater lakes 
(Cohen & Thouin, 1987 (Lake Tanganyika); Street-Perrott 
et al., 1993 (Jamaica), Pandey & Pandey, 2002 (Udaipur, 
India)), however this review focuses on freshwaters of 
higher latitudes. 
Despite the absence of a single, overarching definition 
of marl lakes, there are several quantitative and qualitative 
descriptions based on their geology, chemistry and biology. 
Willby (2005) suggested conditionality of supporting 
carbonate-rich geology such as limestones from the 
Carboniferous and Silurian.  Analysis of water chemistry 
data from high-alkalinity lakes in the UK has indicated that 
certain supporting boundaries may be used to separate 
marl-precipitating lakes from non-precipitating lakes 
(Table 1).  The boundaries may further aid in excluding 
lakes with short-term marl precipitation resulting from high 
primary productivity following enrichment.  Others have 
suggested stricter definitions based on the carbonate (CO2−3 ) 
content of the sediment (Pentecost, 2009, and references 
therein), which would generally require an average of at 
least 50 % calcite (CaCO3).  A less exclusive threshold has 
been suggested by Pentecost (2009) whereby marl lakes 
require an average surface–sediment CaCO3 content 
exceeding 50 % of the dry weight of the inorganic fraction.
In terms of biological characteristics, marl lakes 
fall within category 3140 in the European Union 
Habitats scheme as ‘hard oligo-mesotrophic waters 
with benthic vegetation of Chara spp.’ (European 
Commission, 1992; EC–DG ENV, 2007). A similar 
classification scheme has been developed specifically for 
lake habitats in the British Isles, with marl lakes falling 
within category I, ‘base-rich lowland lakes, with Chara 
spp., Myriophyllum spicatum and a diversity of Potamogeton 
species‘ (Palmer et al., 1992; Duigan et al., 2007 ).  Marl 
lakes are found across the British Isles, yet comprise less 
than one percent of all British lakes (Pentecost, 2009).
Eutrophication has been identified as the most 
important threat to the ecological state of marl lakes in the 
UK (Pentecost, 2009) and has also been flagged in karst 
areas in Europe (Lewin & Woodward, 2009; Kostoski 
et al., 2010; Mikac et al., 2011).  Charophytes in particular 
have suffered widespread declines in species diversity and 
distribution (Simons and Nat, 1996; Stewart, 2004; Blažen
čić et al., 2006).  The scarcity of marl lakes and their unique 
chemical and biological features, underline the importance 
of careful conservation and management, not only for 
are disturbed. Highly impacted marl lakes having low species diversity and lacking 
precipitation may be misidentified as eutrophic, high-alkalinity lakes. More studies addressing 
the interaction between external loading, phosphorus cycling and marl precipitation 
in relation to biological communities are required to assess to what extent marl lakes 
can buffer eutrophication, and what factors contribute to disturbed marl precipitation.  
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achieving good ecological status as stipulated for all surface 
waters by the European Water Framework Directive 
(European Commission, 2000), but also for preserving 
biodiversity and ecosystem services (Holmes, 1956; SSSI–
HW 1986; McGarrigle & Champ, 1999; NIEA, 2005). 
This review focuses on the chemical and biological 
responses of marl lakes to nutrient enrichment, drawing 
on studies addressing particular aspects of calcareous 
systems and studies specifically on marl lakes. The 
geographical locations of key lakes discussed in the 
review are available as supplementary material to the 
electronic version of this paper at https://www.fba.
org.uk/journals/index.php/FRJ/article/view/630/394.
Chemistry as a driver of the 
biological communities of marl 
lakes
The high concentration of carbonate species (hereafter 
‘carbonates’) in marl lakes is sustained by rainfall and 
soil microbial activity, which acidify groundwater that 
consequently dissolves carbonates in the catchment.  In 
aqueous solution, these carbonates counteract the acidity 
generated by the natural dissociation of carbon dioxide (2) 
(Eq. 1).  Specifically, carbonates neutralise hydrogen ions 
(H+) through their own dissociation into hydroxide ions 
(OH-) (Eqs 2 to 4) and in high-carbonate lakes this results 
in pH values typically between approximately 7.5 and 9. 
The high concentrations of carbonates and 
calcium (Ca2+) also drive marl precipitation. 
Precipitation occurs mostly in summer, when high 
photosynthetic activity removes CO2 from the 
water column. The removal of CO2, accompanied 
by an increase in oxygen, reduces the concentration 
of H+ and increases pH further to values even 
surpassing 9. Unlike most salts, the saturation point of 
CaCO3 decreases with increasing temperature as well as 
pH.  It follows that summer conditions of warm weather 
and high photosynthetic activity induce the precipitation of 
CO2−3   as solid complexes (Otsuki & Wetzel, 1972).  Marl may 
contain various CO2−3 compounds, mostly CaCO3 crystals 
but also complexes of CaCO3 and organic compounds as 
well as metal substitutes such as magnesium (Mg).
The high concentration of carbonates relative to CO2 
shapes the photoautotrophic community of marl lakes. 
For photosynthesis, CO2 is the preferred carbon species 
of most aquatic macrophytes (Allen & Spence, 1981), yet 
under conditions of high pH, bicarbonate (HCO�3 ) is more 
abundant. Since high levels of photosynthesis increase 
pH, photoautotrophs with high affinities for HCO�3 are 
typically associated with eutrophic lakes. Owing to their 
naturally high pH, comparatively oligotrophic marl lakes 
therefore frequently contain ’eutrophic‘ phytoplankton 
species (Reynolds, 1998; King & Champ, 2000), which has 
also led to potentially misleading trophic classifications 
(Pybus et al., 2003). Among macrophytes, species with 
particularly high affinities for HCO�3 include Potamogeton 
lucens (Staal et al., 1989), Elodea canadensis and Potamogeton 
crispus (Allen & Spence, 1981), and Myriophyllum spicatum 
(Hutchinson, 1970).  Charophytes, macrophytic algae, are 
also included in this group (Kufel & Kufel, 2002; Hidding et 
al., 2010). Consequently, these taxa, especially charophytes, 
are frequently the dominant macrophytes in marl lakes 
(Spence et al., 1984; Willby, 2005; Free et al., 2007).  Fontinalis 
antipyretica (a moss), Hippuris vulgaris and Potamogeton 
polygonifolius are inefficient at assimilating HCO�3 (Allen 
and Spence, 1981), and this may in part explain their 
association with unimpacted (marl) lakes (Willby, 2005).
Marl lakes are commonly associated with clear–water, 
low–nutrient conditions especially in summer during 
               
      
      
           
   
           
          
    
                 
      
                    
 
Elements Ca (mg L-1 ) Mg (mg L-1 ) Ca:Mg
Range > 30 (often 50-70) < 6 > 7 (usually 10-15)
Elements Na (mg L-1 ) K (mg L-1 ) SO2−4  (mg L-1 )
Range < 10 < 3 < 20 (mostly < 10)
Table 1.  The typical concentration range and ratio of selected elements, 
adapted from Willby (2005).
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peak marl formation, when lake bottoms can be visible 
through several meters of water (Fig. 1a).  This is mainly 
due to a reduction in the abundance of phytoplankton 
by two mechanisms. Firstly, phosphorus (P) 
incorporation into and onto marl crystals (coprecipitation; 
Table 2) reduces bioavailable P (Table 2) and therefore 
phytoplankton abundance, and secondly, marl forming 
around phytoplankton induces sinking and senescence 
(Stabel, 1986; Koschel et al., 1987; Mullins, 1998). 
Traditionally, marl lakes have been claimed to be capable 
of buffering against eutrophication due to coprecipitation 
(Kleiner, 1988; Robertson et al., 2007; Hamilton 
et al., 2009).  Indeed, marl lakes deviate from the natural 
positive relationship between alkalinity and P in lakes 
(Vighi & Chiaudani, 1985) by lower than expected P 
concentrations for a given alkalinity, with consequences 
for ecological status assessment (Carvalho et al., 2006). 
While coprecipitation may buffer marl lakes against 
external loading, it is important to also relate nutrient 
status to biological communities.  For example in shallow 
marl lakes where macrophytes constitute a substantial 
proportion of the photoautotrophic biomass, ecological 
degradation may occur despite the maintenance of 
relatively low P concentrations in the water column. 
The effect of charophytes on 
nutrients and community structure
Charophytes can maintain low water column nutrient 
concentrations through a variety of mechanisms, the 
foremost of which is complexation of CaCO3 with P 
(Table 2). Calcite accumulates on charophyte thalli and 
reproductive structures during the growth period, 
accounting for as much as 60 % of their dry weight 
(Hutchinson, 1975, cited in Kufel & Kufel, 2002).  Siong 
& Asaeda (2006) have estimated that 14 to 23 % of Chara–
associated P can be immobilised through coprecipitation. 
Thus, charophytes effectively remove P from the water 
column during a critical period of growth for most 
plants, reducing competition with other species including 
phytoplankton.  Charophyte biomass is also particularly 
resistant to decomposition, which immobilises nutrients 
beyond the senescence of charophytes at the end of the 
Fig. 1a. Loch Borralie (UK), an example of a clearwater marl lake, 
with a green – blue–green colour (Spence, 1982) and a highly 
calcareous lake bottom (May 2011).
Term Meaning
P (Phosphorus) No particular form/all phosphorus
(Ortho)phosphate Bioavailable P specifically as PO3−4     
SRP (Soluble Reactive Phosphorus) Bioavailable P, either as orthophosphate ( PO3−4   ) or 
loosely bound colloid P
TP (Total Phosphorus) All P in water measurable following acid digestion 
(SRP, organic P, inorganic P)
Coprecipitated P, calcite-bound P, … Calcite can incorporate phosphates but also organic 
P complexes in its crystal structure – and also coats 
phytoplankton - therefore “P” in the broad sense
Table 2.  Explanations of phosphorus terminology used in paper, see also Reynolds and Davies (2001).
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growth period and maintains low nutrient concentrations 
(Krolikowska, 1997; Kufel and Kufel, 2002).
Secondly, most aquatic macrophytes rely 
predominantly on sediment for the uptake of nutrients 
(Barko et al., 1991).  Owing to their modest rhizomes 
and absence of conducting tissue, transportation of 
nutrients between the rhizomes and growing tissue 
of charophytes is inefficient and requires energy. 
Consequently, charophytes would be expected to 
assimilate nutrients both from the water column and 
sediment.  In support of this idea, Vermeer et al. (2003) 
found that in the laboratory charophytes predominantly 
collected nutrients from the surrounding water.  Kufel 
& Ozimek (1994) found through a series of experiments 
that, at considerable densities Chara aspera was able to 
reduce soluble reactive phosphorus concentration (SRP; 
Table 2) in the water column by over 90 % after 24 hours 
from an initial SRP of 200 μg P L-1 and suggested that Chara 
is important in controlling P turnover in lakes.  This effect 
may be enhanced by the flexibility of P uptake in Chara, 
as more P is assimilated with increasing P concentrations 
(Rees et al., 1991 [form of P unspecified]; Kufel & 
Ozimek, 1994 [SRP]).  In the absence of P in the water, 
however, sediment uptake can be efficient (Wüstenberg 
et al., 2011).  Efficient P uptake, specifically from the water 
column, maintains low ambient nutrient concentrations 
and serves to further suppress phytoplankton 
production in a lake.  While the existence of allelopathic 
effects of Chara on certain phytoplankton has been 
demonstrated, their significance in natural environments 
is uncertain (van Donk and van de Bund, 2002).
Finally, charophytes can reduce ambient nutrient 
concentrations by virtue of growing in dense stands 
(Fig. 1b), which reduces wind and wave stress and 
consequently sediment resuspension and dispersal (Kufel & 
Kufel, 2002).  Resuspension of littoral sediments can release 
high concentrations of SRP and phosphate (Søndergaard 
et al., 1992; Gerhardt et al., 2010) unless the resuspended 
sediment has capacity to bind P (de Vicente et al., 2010). 
Many charophytes are perennial, also found growing 
under ice and therefore their negative effect on nutrient 
availability for phytoplankton can continue throughout 
the year (Krolikowska, 1997; Kufel & Kufel, 2002; Rodrigo 
et al., 2007).  Continuous productivity can also contribute to 
maintaining oxygenated sediments by O2 delivery through 
rhizomes, promoting nitrogen removal (Lijklema, 1994).
It would be logical to assume that the extent to 
which charophytes can reduce nutrient concentrations 
in the water column and suppress phytoplankton 
depends on their abundance. Regrettably, it is difficult 
if not impossible to separate causation from correlation 
with natural observations – charophyte presence may 
in fact be conditional on clear water and low nutrient/
phytoplankton concentrations rather than effecting 
them.  This shortcoming notwithstanding, a number 
of studies have found that nutrient concentrations 
(Krolikowska, 1997; van den Berg et al., 1998b) and turbidity 
(van den Berg et al., 1998a) in the water column are reduced 
within charophyte stands compared with other areas, 
suggesting a connection between specifically charophytes 
and water conditions.  Increases in Chara tomentosa cover 
from 10 to 40 % have been associated with an overall 
reduction in turbidity and P in the Swedish lake Krankesjön 
(Hargeby et al., 1994; Blindow et al., 2002) (Fig. 2).  While 
high water clarity in Lake Wolderwijd (Netherlands) 
has been found within charophyte stands in comparison 
with stands of Potamogeton spp., SRP was relatively high 
(Meijer and Hosper, 1997).  In this case, total phosphorus 
(TP; Table 2) and total nitrogen (TN) concentrations were 
Fig. 1b. Dense growth of heavily calcite–encrusted Chara 
aculeolata in Hawes Water (UK) immobilises P, reduces sediment 
resuspension and contributes to clear–water conditions (August 
2009).
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smaller within charophyte stands, but not to a statistically 
significant extent.  The expansion of charophytes (and 
other macrophytes) has also been suggested to have 
contributed to increasing stability of water transparency 
in Scharmützelsee (Germany) (Hilt et al., 2010). 
Feedbacks involving coprecipitation 
and sediment–level chemical 
conditions
Marl precipitation involves various feedbacks between 
temperature, pH and photoautotrophs. An inherent 
negative feedback occurs within the precipitation reaction 
itself, since the removal of CO2−3 reduces alkalinity as well 
as the reactant concentration in the water (assuming 
precipitation is higher than the background input of 
dissolved CaCO3), thereby reducing precipitation. 
Interestingly, it has even been suggested that hardwater 
lakes be managed by nitrate addition, since this would 
stimulate algal production, increasing pH and thereby 
maintaining a low CaCO3 saturation point (Murphy 
et al., 1983). Other negative feedbacks on calcite 
precipitation involve sulphate ( for example from marine 
spray), magnesium (Pytkowicz, 1965) (probably not 
relevant at concentrations found in marl lakes), and 
organic acids, which inhibit CaCO3 crystal growth through 
occupation of free sites (Reynolds, 1978).
Importantly, phosphates also block crystal growth 
sites and inhibit precipitation as phosphate concentration 
increases (House, 1990), which at a critical level may thwart 
the capacity of a lake to buffer against eutrophication. 
Danen-Louwerse et al. (1995) found that in the laboratory, 
phosphate concentrations above 300 μg L-1 thwarted 
precipitation due to a buffering of the pH, preventing a 
rise above 8.5.  This is self-reinforcing, since inhibition of 
precipitation becomes stronger with decreasing pH (Lin & 
Singer, 2006).  Highly eutrophic sites may develop positive 
feedback loops – the more P, the less precipitation and 
the more remaining P, further enhancing enrichment by 
external loading.  For example, in the highly eutrophic 
Feldberger Haussee (Germany), CaCO3 precipitation 
ceased during the height of eutrophication in the early 
1980s (maximal TP exceeded 1400 μg L−1), but resumed 
in 1985 following reduced nutrient loads (Krienitz 
et al., 1996).  Cessation of marling was attributed to 
inhibition by high SRP concentrations.  Conversely, the 
10-fold decrease in maximal TP concentrations within 
20 years thereafter was attributed to the combination 
of coprecipitation (Kasprzak et al., 2003) and a decline 
in overall phytoplankton biomass (Krienitz et al., 1996).
Fulvic and humic acids, as well as polyphenols, are 
common compounds of both terrestrial and aquatic matter 
(Reynolds, 1978; Grossl & Inskeep, 1992; Hoch et al., 2000) 
and increases in surface run-off and erosion, combined 
with dissolved organic matter (DOM) increases through 
autochthonous productivity, could inhibit precipitation in 
marl lakes (Hoch et al., 2000).  Reynolds (1978) suggested 
that marl precipitation in Lake Powell in the United States 
was inhibited by polyphenols being washed into the lake 
as runoff during spring and early summer.  Overall, high 
amounts of dissolved humic substances have been found 
to maintain P and iron (Fe) in solution (Shaw, 1994). 
Further studies on the effects of organic substances on marl 
precipitation would be required to establish whether the 
inhibitory effects are substantial enough to be ecologically 
significant.  It should be noted that the aforementioned 
Fig. 2. The replacement of angiosperms by charophytes, and 
the expansion of Chara tomentosa cover, was associated with 
reduction in turbidity (JTU = Jackson Turbidity Unit) during 
oligotrophication in Lake Krankesjön (Sweden) (minimally 
altered, with permission, from Hargeby et al., 1994).
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compounds do not seem to have a significant 
dissolving effect on solid CaCO3 (Oelkers et al., 2011).
The contribution of specific biota to marl formation 
may be underestimated.  For example, the famous 
travertine formations in the Plitvice national park (Croatia) 
are associated with mucous excretions of attached bacteria 
and microalgae, which creates crystallisation nuclei 
without which high carbonate supersaturation is attained 
and precipitation does not occur (Emeis et al., 1980).  Emeis 
et al. (1980) also found that elevated nitrate concentrations 
reduced the amount of mucus excreted thereby reducing 
the amount of precipitated carbonate, and copper, as 
a toxin, inhibited epiphytic growth, which led to the 
absence of precipitate.  Therefore, below concentrations 
of P or organic acids found to inhibit precipitation in the 
laboratory, ecological eutrophication-driven changes 
may already suppress precipitation in natural systems. 
Cunswick Tarn (UK, Figs 3a and 3b) receives marl-precipi-
tating water low in nutrients from surrounding springs, and 
also run-off and piped water from surrounding pastures, 
and undergoes no conspicuous marling itself despite 
no evidence of precipitation-inhibiting P concentrations 
(mean TP 56 μg L−1, SRP 10 μg L−1; Wiik, 2012).
The amount of P withdrawn from the water column 
through coprecipitation, regardless of inhibition, can be 
substantial.  In some lakes, removal concentrations of 
100 μg L-1  SRP have been reached during algal blooms 
and overall high levels of photosynthesis (Murphy 
et al., 1983).  In laboratory experiments, 74 % of phosphate 
(initial concentration 25 μg P L-1) has been found to 
precipitate with CaCO3 at pH 9.5 to 10 (Otsuki and 
Wetzel, 1972).  Kleiner (1988) estimated coprecipitation 
to account for about 35 % of the epilimnetic P removal in 
Lake Constance (Germany) (although see also Hupfer 
et al., 1995, regarding negligible sedimentation of 
coprecipitated P).  Coprecipitation has been attempted 
as a restoration method in eutrophic lakes by the 
artificial application of lime.  Interestingly, while there 
are examples of success (Ghadouani et al., 1998, and 
references therein), there is also evidence to the contrary, 
such as the failure in the naturally calcareous Arendsee 
(Germany) (Hupfer et al., 2000).  Laboratory experiments 
and evidence of short-term limnetic coprecipitation, 
despite offering insight into the eutrophication-buffering 
potential of coprecipitation, do not necessarily capture 
the whole cycle – the ultimate fate of coprecipitated 
P depends on diagenetic processes in the sediment. 
Fig. 3a. Marl–precipitating inflow to Cunswick Tarn (UK) in 
August  2011; February 2010 values for nitrate–N, SRP and TP are 
875 μg L−1 , 3 μg L−1, and 6 μg L−1, respectively.
Fig. 3b. Nuphar lutea and Cladophora in Cunswick Tarn (UK) in 
June 2010, with no evidence of marl precipitation observed during 
the summer seasons 2009 and 2010 (mean annual SRP 10 μg L−1, 
nitrate–N 190 μg L−1, TP 56 μg L−1,).
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Chemical factors behind the P–binding 
properties of sediment 
The amount of P that is released from the sediment is 
difficult to predict due to the incomplete understanding 
of sediment chemistry.  Oxygen, pH, redox conditions and 
sediment metal composition all influence P release and 
retention, but experiments on the effect of varying each 
of these parameters have produced conflicting results.  In 
addition, comparatively little is known on the details of 
microbial processes in the sediment layers.  The main fields 
of contention involve oxic vs anoxic P release, and the role 
of CaCO3 and Fe for P retention in the long and short term.
While an increase in temperature enhances marl 
precipitation and P immobilisation, it simultaneously 
enhances sediment mineralisation and P release 
(Jensen & Andersen, 1992), the two effects possibly 
cancelling each other out (Boström et al., 1988).  Jensen 
and Andersen (1992) have found that temperature 
can explain more than 70 % of the seasonal variation 
in internal loading in four Danish lakes, thereby 
diminishing the importance of other P release processes.
Redox and pH at the sediment–water interface 
can in theory affect P binding in a number of ways. 
Redox potential is an expression of the tendency of an 
environment to accept or donate electrons.  This tendency 
is partially dependent on the H+ concentration, which links 
redox with pH such that high pH reduces the maximum 
attainable redox potential within the stability limits of 
water (DeLaune & Reddy, 2005).  However, low and high 
redox potentials can exist at low and high pH.  Redox 
importantly drives the solubility of a number of metals 
of which particularly Fe complexes with phosphate.  At 
high redox potential, Fe forms hydroxides including 
P complexes (Lijklema, 1980), whereas at low redox 
potential Fe hydroxides can dissociate, forming Fe2+ in 
solution (Golterman, 2001). Waters are more reducing 
at low oxygen concentrations, and conversely, more 
oxidative at high concentrations.  The relationship between 
oxygen, pH, redox and metal solubility, forms the basis 
of theories on oxic and anoxic P release in sediments (see 
e.g. Golterman, 2001). It should be noted that aluminium 
hydroxides form redox-insensitive complexes with 
phosphate (Tanada et al., 2003; Kopáček et al., 2005) and 
are recommended for use in lake restoration projects 
for binding P in the long term (de Vicente et al., 2008). 
Fe–bound P is commonly expressed as Fe(OOH)~P, 
and involves Fe in the oxidised Fe3+ state.  Traditionally, 
this is the form of P claimed to be released when redox 
potential declines. However, Fe(OOH)~ P is more 
thermodynamically stable than FeOOH, and fairly redox–
insensitive, suggesting that within the redox potentials 
naturally occurring in lakes, it is unlikely to dissolve 
(Golterman, 1998). What has been interpreted as Fe–
bound P may instead be microbial in origin, or microbially 
mediated (Jansson, 1987; Burley et al., 2001; Golterman, 
2001;  Huang et al., 2008; Hupfer & Lewandowski, 2008). 
Also, high concentrations of sulphur (S)-containing 
molecules can result in the formation of FeS under low 
redox potential, releasing P (Eckert et al., 1997; Golterman, 
2001).  Importantly, S cycles have also been evoked to explain 
the failure of hypolimnetic oxygenation to reduce internal 
loading of P (Gächter & Müller, 2003), thereby eroding the 
‘oxygen rule’.  In support, P release rates from sediments 
with changing oxygen concentrations have often been found 
to be fairly constant (de Montigny & Prairie, 1993; Hupfer 
et al., 1995; Hupfer & Lewandowski, 2008, and references 
therein). There is consequently no overarching rule 
on the release of P from anoxic vs oxic sediments.
An increase in sediment–level pH may enhance release 
of phosphate through OH- exchange with sedimentary 
metals (Lijklema, 1980; Tanada et al., 2003).  The resulting 
phosphate release can as much as double between pH 8 
and 9 (Boers, 1991).  On the other hand, only one of four 
lakes studied by Jensen & Andersen (1992) responded to 
an increase in pH by an increased phosphate release (pH 
range 7.5 to 10.5).  At the opposite end of the spectrum, 
a decrease in sediment pH can cause the dissolution of 
Ca-bound P due to the dissolution of the Ca mineral 
structure. The binding properties of Fe and Ca have 
been researched in the laboratory by Golterman (1988) 
who found that the high pH associated with marl lakes 
promotes Ca–P over Fe–P binding, but the pH effect does 
not necessarily extend into the sediments.  Here, adsorbed 
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phosphate is transferred to Fe (Golterman, 1988), which 
further emphasises the importance of Fe in determining 
the potential of internal loading in a lake (see section 4.2).
Heterotrophic microbes react to changes in sediment 
conditions since their metabolism depends on the 
availability of electron acceptors for respiration.  Owing to 
the high abundance of microbes in sediments, the fate of P 
may be largely dependent on microbial cycling, mediated 
by macro-organisms (see for example Phillips et al., 
1994; Hines, 2006; Huang et al., 2008).  Whilst microbial 
activity is also high under oxic conditions, resulting 
in recycling of nutrients, a shift from oxic to anoxic 
conditions frequently results in elevated P release (Eckert 
et al., 1997; Spears et al., 2007; Jiang et al., 2008). This is in 
part due to fermentation requiring more organic material 
than oxidation for a given amount of energy output, 
resulting in the release of excess P (Golterman, 2001). 
The type of activity at the sediment–water interface 
depends also on light. In shallow lakes with good 
light penetration, the sediment can be dominated by 
photoautotrophs, which immobilises P and stabilises the 
sediment.  With decreasing light, the sediment becomes 
increasingly dominated by heterotrophs and is more likely 
to release P (Spears et al., 2007). This makes eutrophic 
lakes with low light penetration and high productivity 
in the plankton potentially more prone to internal 
loading, compounding the effects of external loading.
The long-term P retention of sediments 
depends on the capacity to hold P in recalcitrant 
forms, mainly in anoxic environments since even 
sediments in well aerated environments will become 
anoxic with depth. What are the recalcitrant forms 
of P in view of the factors discussed above? 
The contribution of iron and calcium to the 
permanent burial of phosphorus 
The capacity of sediment to incorporate P is limited, not 
infinite.  A few methods have been developed to assess 
the binding capacity of sediments.  One empirical method 
involves measuring the sorption capacity of a sediment, 
defined as the maximum P retained in a sample of 
sediment upon loading with a range of SRP concentrations 
(Eq. 5).
 
where, in general terms, Sc is the calculated sorbed 
P, Smax is the maximum P binding capacity, kL is a 
fitted constant related to the binding energy of the 
sediment and C is the concentration of P at time n.
Another method, used by palaeolimnologists, is based 
on the interpretation of various theories on sediment P 
binding with certain elemental ratios used as proxies for 
the binding capacity of a sediment and past redox states. 
Examples include Al:Fe, Al:P (Kopáček et al., 2005), 
Fe:P (Jensen et al., 1992), and Fe:Mn (manganese) 
(Hobbs et al., 2005, and references therein).  However, 
the use of these ratios is constrained by uncertainties 
regarding their specificity as proxies and the mobility 
of elements in the uppermost sediment layers.  In 
addition, the uncertainties concerning short-term P 
release mechanisms also plague the interpretations of 
long-term P dynamics.  P coprecipitated with marl is 
often expressed as immobile, or redox-insensitive, and 
claimed to be important for the long-term storage and thus 
withdrawal of P from the water column (for example Pan 
& Brugam, 1997; Ishaq and Kaul, 1988, 1989; Robertson 
et al., 2007).  This has been used as the argument for the 
eutrophication buffering capacity of marl lakes, since their 
sediments can consist for the most part of carbonates.
Assuming that marl lakes deposit immobile forms of 
P, it is interesting that a number of studies on marl lakes 
have demonstrated that long-term retention of P depends 
more on Fe than CaCO3, with surface sediment CaCO3 
having very little, if any, impact on retention. Hobbs 
et al. (2005) used the Fe:P ratio and an experimentally 
derived maximum sediment sorption capacity to explain 
the patterns of eutrophication in Lough Carra (Ireland). 
Studies on Danish shallow, eutrophic lakes with varying 
Ca concentrations found evidence for most P storage 
being dependent on the concentration of sediment Fe 
(Jensen & Andersen, 1992; Jensen et al., 1992).  Williams 
et al. (1971) found that CaCO3 did not explain any variation 
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in sediment inorganic P that could not be explained by 
Fe. Theoretical predictive models of in–lake TP have been 
found to underestimate winter TP, and overestimate 
summer TP, in the water column of calcareous lakes in 
Wisconsin (Stauffer, 1985), supporting poor long-term 
binding of P with CaCO3 despite summertime 
coprecipitation.  Stauffer (1985) included non–calcareous 
lakes in the analysis, concluding that calcareous lakes 
indeed seemed more sensitive to eutrophication and that 
this could probably be attributed to their low Fe content, 
exacerbated in cases with high  concentrations promoting 
FeS deposition.  These findings have been supported by a 
more recent study including two of the lakes in Stauffer’s 
analysis (Hoffman, 2009).  High P binding in the calcareous 
lake Warniak in Poland has also been attributed to high 
abundance of Fe complexes (Hutorowicz & Dziedzic, 2008).
While CaCO3 may immobilise P during the growth 
period through elevated coprecipitation and high pH, pH 
below and at the sediment surface is not necessarily as 
high as in the upper water column, promoting dissolution. 
The sediment may have lower pH for long periods of 
time, for example in winter or during summer stagnation, 
resulting in CaCO3 dissolution and P release (Gonsiorczyk 
et al. 1997; Burley et al. 2001; Spears et al. 2007; Jim 
Marshall, personal communication  2008).  For example, 
the eutrophic Lake Planina (Julian Alps, Slovenia), unlike 
the similar, but oligo-mestotrophic Lake Ledvica in the 
same region, suffers from hypolimnetic anoxia and high 
rates of microbial respiration during summer (see e.g. Muri 
and Simčič, 2004), creating a pH gradient such that bottom 
waters (pH 7.1) favour calcite dissolution (Vreca and 
Muri, 2006).  Bathymetry and stratification conditions 
should be taken into consideration when assessing the 
resistance of a marl lake to eutrophication, since they 
will affect the specific conditions in the sediments.  Deep 
lakes with limited shallow areas are more likely to have 
large areas of limited light penetration, low pH, and 
low oxygen concentrations in the profundal sediments, 
resulting in a dependence on Fe for long- term P storage.
Shallow lakes, on the other hand, are more likely 
to have more oxygenated, light-exposed sediments 
with high pH promoting CaCO3 deposition.  However, 
even shallow lakes may experience CaCO3 dissolution 
(Coletta, 2004).  The distribution of P complexes within 
a lake seems rarely studied. However, in a study on P 
cycling in a shallow, charophyte-rich high-alkalinity 
lake in Denmark, it was found that littoral sediments 
contained 45 % higher concentrations of Ca-bound P 
than profundal sediments, and conversely, Fe-bound 
P constituted 33 % more to sedimentary TP in the 
profundal (Andersen & Ring, 1999). Sediment Fe:P/
Ca:P ratios can be an indicator of a lake’s susceptibility 
to acidic vs alkaline P release (Huang et al., 2005).
Gonsiorczyk et al. (1998) compared sediment cores 
of two calcareous lakes in Germany, the eutrophic 
Feldberger Haussee and the oligotrophic Lake Stechlin. 
While the sediment of the eutrophic lake contained 
higher concentrations of Ca-bound P, it contained less 
redox-sensitive P (Fe + Mn and organically bound P) 
than the oligotrophic lake sediment.  The difference in 
Ca–associated P was in part attributed to the concen-
tration-dependence of coprecipitation whereby 
coprecipitation is low at low P concentrations.  The 
difference in the forms of P in the two sediments are 
coherent with theory whereby eutrophic lake sediments 
have a higher likelihood of experiencing low redox 
potential and heterotrophic P release during stratification, 
resulting in an increase in the release of redox-sensitive 
P and a higher retention of CaCO3–P.  The most striking 
finding of the study was that TP in the sediments of 
the two lakes were similar.  This would suggest that, 
regardless of the form of P in the sediment, there is 
not necessarily more P in the sediments of eutrophic 
lakes. Calcite and other P binding forms may therefore, 
in some instances, function reciprocally, diminishing 
the buffering effect of coprecipitation in marl lakes.
Perhaps coprecipitation is predominantly a temporal 
and local eutrophication buffer, operating within P binding 
constraints.  This is in agreement with the conclusions of 
Hupfer & Lewandowski (2008) regarding the balance 
between the binding capacity of sediment and external 
P load, whereby through excessive nutrient loads and 
increased autochthonous productivity, organic matter 
accumulates and P is released regardless of oxic or anoxic 
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sediment conditions, while P is retained in oligotrophic 
lakes (Wilson et al., 2010).  The P-binding capacity of marl 
lakes may in the long term be compromised, not by anoxia 
itself, but by an increase in sediment organic matter followed 
by increased microbial recycling of P, in turn followed by 
decreases in sediment–level pH and the dissolution of 
CaCO3, involving further P release.  Consequently, marl 
lakes may resist eutrophication by increased incorporation 
of P into CaCO3 up to a threshold (Gonsiorczyk et al., 1997).
To answer these questions more fully, it would be 
necessary to conduct more studies comparing in-lake 
(hypolimnetic and epilimnetic) P concentrations with 
external loading across seasons, while also measuring 
how much P is immobilised, and in what form.  Also, 
owing to the discrepancies in values of P found (or 
suggested) to inhibit precipitation within the field, and 
between the field and the lab, precipitation in natural 
environments should be studied further, under different 
concentrations of organic substances, SRP, and TP. 
Baseline nutrient concentrations 
and macrophyte communities of 
marl/calcareous lakes
Lakes in their natural state receive externally derived 
nutrients through atmospheric and catchment processes, 
which is regarded as fairly stable in time in the absence 
of events such as rapid changes in climate or weather, 
or fire.  Such lakes are said to contain baseline nutrient 
concentrations and exist in a reference state in terms of 
ecology.  Identifying reference lakes and characterising 
comparatively impacted sites has been a focus of the 
European Union Water Framework Directive (WFD) 
(European Commission, 2000; Bennion, 2004; Carva
lho et al., 2006; Lyche Solheim et al., 2008).  To this end, 
lakes have been typed according to depth, geographical 
region, and alkalinity.  Generally, P concentrations have 
been found to increase with increasing alkalinity (Vighi 
& Chiaudani, 1985), leading to higher chlorophyll a 
(chl a) and TP reference concentrations for high-alkalinity 
lakes (Carvalho et al., 2006).  Because coprecipitation of 
P with CaCO3 serves to reduce bioavailable P and chl a 
concentrations in reference-state marl lakes, Willby (2005) 
suggested a distinction should be made between marl-
precipitating and non-marl-precipitating high-alkalinity 
lakes. Further, Willby (2005) suggested that reference 
concentrations for marl lakes be similar to those set for 
moderate-alkalinity lakes (Carvalho et al., 2006) (Table 3).  
Based on surveys of UK marl lakes, Willby (2005) 
constructed a table with species abundances across an 
ecological gradient, and has subsequently updated this 
(Table 4).  In addition to numerous Chara/Nitella and 
Potamogeton species, key associate species include Hippuris 
vulgaris, Utricularia spp., and Myriophyllum spicatum. 
Of floating-leaved species, Nymphaea alba is associated 
with better ecological condition than Nuphar lutea, and 
free-floating Lemna spp.  are typical of rather impacted 
sites.  Common emergent species include Cladium 
mariscus, Schoenoplectus lacustris and Phragmites australis. 
These species associations seem to hold elsewhere also, 
not surprisingly in Ireland (Krause & King, 1994; Pybus 
et al., 2003). Further afield, the oligotrophic El Tobar 
(Iberic Ranges, Spain) supports for example Chara 
hispida, Myriophyllum spicatum, Potamogeton pectinatus, 
Potamogeton coloratus, and Nymphaea alba (López-Blanco 
et al., 2011), Lake Dal (Himalayas, India) includes 
Index                                  Unit  High Good/Moderate
Shallow Very shallow Shallow Very shallow
chl a μgL−1 7.6 10.1 15.2 20.3
TP μgL−1 <9 <10 20 24
colonisation depth m 9.4 4.5 7.05 3.38
Table 3.  Various supporting standards for designating ecological status in marl lakes based on Carvalho et al. (2006) and UKTAG (2008). 
‘Very shallow’ and ‘shallow’ indicate depths <3m and 3 to 15m, respectively.  Good to moderate boundary for colonisation depth is 
calculated as 0.75 times the reference depth for charophytes (Carvalho et al., 2006).
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incidence (% surveys occupied) mean % cover where present
Taxa n 11 46 87 48 10 11 46 87 48 10
 Indicator  BAD POOR MOD GOOD HIGH BAD POOR MOD GOOD HIGH
Eleogiton fluitans 20 3
Subularia aquatica 10 7
Eleocharis multicaulis 10 10
Chara vulgaris 2 1 4 10 1 6 1 25
Utricularia australis 4 20 6 9
Potamogeton x nitens 2 30 5 5
Potamogeton polygonifolius (+) 6 20 3 5
Sparganium natans + 8 20 2 5
Lobelia dortmanna 2 10 5 5
Elatine hexandra 1 20 2 4
Chara aspera + 1 13 30 5 21 19
Isoetes lacustris 4 10 14 5
Chara virgata var. annulata 4 10 5 7
Scorpidium scorpioides 2 10 7 5
Juncus bulbosus ++ 3 10 50 9 5 10
Nitella opaca + 1 8 20 10 4 19
Tolypella glomerata 4 2
Potamogeton filiformis (+) 2 2 6 30 5 3 7 8
Nymphoides peltata 1 2 1 4
Chara pedunculata 6 4
Myriophyllum alterniflorum +++ 9 25 80 6 7 8
Potamogeton coloratus + 1 15 10 7
Littorella uniflora +++ 4 17 27 100 5 7 7 10
Chara curta (+) 1 10 1 5
Potamogeton gramineus +++ 2 8 13 50 1 12 5 6
Hippuris vulgaris +++ 9 28 50 40 1 5 8 6
Ranunculus trichophyllus 2 20 10 5
Potamogeton praelongus ++ 2 21 15 40 5 6 9 7
Chara virgata ++ 17 13 30 8 5 13
Myriophyllum verticillatum 1 2 10 50
Utricularia vulgaris sens.lat. +++ 14 33 10 11 10 5
Chara contraria (+) 3 10 7 2
Sphagnum auriculatum 1 2 7 1
Table 4.  Changes in incidence and cover of aquatic macrophytes in 202 surveys of marl lakes in Great Britain and Ireland according to WFD classifications of the 
ecological status of macrophytes in these lakes.  Species are listed in descending order of the mean Ecological Quality Ratio (EQR) of the surveys in which they 
were recorded.  Species x status class with an incidence of occurrence of  > 40 % are highlighted.  Indicator value refers to the output of an IndVal analysis designed 
to test the ability of different taxa to distinguish between poor/bad versus high/good status. +++ = strong positive indicator (p < 0.001); ++ = positive indicator (p < 
0.01); + = weak positive indicator (p < 0.05); (+) = borderline positive indicator (p < 0.1). - - -  = strong negative indicator (p < 0.001); - - = negative indicator (p<0.01); 
(-) = borderline negative indicator (p < 0.1).  Updated from Willby (2005).
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Chara hispida + 4 1 25 20 57 1 17 18
Chara hispidula 2 2 6 5
Menyanthes trifoliata (+) 7 9 19 40 8 3 3 6
Eleocharis acicularis 2 8 6 5 3 14
Baldellia ranunculoides 1 5
Ceratophyllum submersum 1 5
Apium inundatum 2 4 3 3
Potamogeton lucens +++ 7 23 44 10 12 12 15 8
Callitriche hamulata 4 6 15 3 2 3
Fontinalis antipyretica +++ 11 45 65 10 4 8 10 5
Chara globularis 13 15 10 20 3 22 19 9
Ranunculus peltatus 1 6 10 1
Potamogeton perfoliatus ++ 2 23 25 60 25 11 5 5
Callitriche hermaphroditica 7 6 2 4 12 14
Ranunculus aquatilis agg. 4 1 4 10 1 10 1 1
Nitella mucronata 1 2 1 1
Stratiotes aloides 2 6 2 5 31 5
Potamogeton berchtoldii 17 17 23 10 4 11 4 1
Hydrocharis morsus-ranae 4 3 4 6 7 15
Potamogeton alpinus 7 30 13 10 8 10 5 5
Nitella flexilis agg. 7 10 21 10 19 10 5 5
Sparganium angustifolium 3 2 1 1
Chara rudis 1 5
Potamogeton natans 18 30 41 44 90 6 15 14 8 4
Nuphar lutea 73 72 79 67 10 25 19 27 31 5
Sagittaria sagittifolia 7 4 14 6
Nitella translucens 1 5
Filamentous algae 27 39 62 54 20 1 19 11 11 6
Nymphaea alba 36 39 36 44 20 2 14 9 8 15
Ranunculus lingua 2 1 5 5
Potamogeton friesii 2 5 10 20
Callitriche stagnalis 4 6 6 10 6 7 2 1
Lemna trisulca (-) 45 67 72 44 6 11 15 12
Sparganium emersum 39 49 27 10 8 12 6 10
Elodea canadensis 36 70 71 71 20 23 15 20 11 2
Elodea nuttallii 2 2 2 25 34 1
Myriophyllum spicatum 9 33 21 19 20 7 13 10 9 5
Potamogeton pectinatus (-) 27 22 24 8 20 6 14 11 4 15
Potamogeton crispus 18 13 25 19 10 15 7 7 3 1
cont. of Table 4.
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Myriophyllum spicatum and Potamogeton lucens (Ishaq 
& Kaul, 1989).  Similar examples exist in Poland 
(Krolikowska, 1997), Finland (Olsson et al., 1983), karst 
lakes in Macedonia and Albania (Talevska et al., 2012), 
and crater lakes in Italy (Azzella, 2012).  Ceratophyllum 
demersum is also present in several of these lakes (Ishaq 
& Kaul, 1989; Krolikowska, 1997; Talevska et al., 2012), 
notably growing to 14 m depth in Lago Bracciano 
(Azzella, 2012).  There are differences between the native 
macrophyte species of the Americas and Europe, and 
therefore slightly different assemblages can be expected. 
However, on genus level, using US examples, there 
are similarities in the assemblages; charophytes and 
diverse Potamogeton spp.  are characteristic, in addition to 
Utricularia, Elodea and Myriophyllum (Rich et al., 1971; Bum
by, 1977; Southeastern Wisconsin Regional Planning Com
mission, 2002).  However, Scirpus spp.  and Najas flexilis are 
indicated as common in US marl lakes (Rich et al., 1971).
Macrophytes in little–impacted calcareous lakes 
typically grow to considerable depth.  For example, 
elodeids such as Hippuris vulgaris, Potamogeton pectinatus, 
Potamogeton perfoliatus and Potamogeton praelongus 
have been found at around 6 m depth in the UK 
(Spence, 1982; Spence et al., 1984), mosses (Fontinalis) 
and charophytes such as Nitella spp.  and Chara contraria 
exceeding 10 m depth (Spence, 1982).  Deep-growing 
charophyte species generally include Chara globularis, 
Chara hispida vars rudis, hispida, Chara vulgaris, Chara 
delicatula, Chara contraria and Nitella spp.  (Pybus 
et al., 2003; Blaženčić & Blaženčić, 2004; Azzella, 2012). 
Responses of macrophytes to 
enrichment
Eutrophication commonly induces a shift in macrophyte 
communities from low-growing isoetids, mosses 
and charophytes to canopy-forming elodeids and 
floating-leaved species as competition for light increases 
and fast-growing or tall species are favoured (Ozimek & 
Kowalczewski, 1984; van den Berg et al., 1999; Søndergaard 
et al., 2010).  As high colonisation depths, clear water, and an 
abundance of charophytes are characteristic of marl lakes, 
declines in light penetration impose substantial changes 
in their ecology which also reduce their uniqueness. 
Further, eutrophication may be particularly damaging in 
moderately deep lakes (Genkai-Kato & Carpenter, 2005). 
In such lakes, most of the sediment surface area falls 
under considerable water depth, and sustenance of 
deep-growing macrophytes such as charophytes is crucial 
to retain ecological integrity (Hilt et al., 2010).
Charophytes have species–specific light requirements 
that in part determine their depth zonation in a lake 
(Schwarz et al., 2002).  Overall, in lakes with sufficient water 
clarity, charophytes are among the deepest-colonising 
macrophytes (Middelboe & Markager, 1997).  As nutrient 
enrichment progresses and water transparency declines, 
the depths inhabited by charophytes and angiosperms 
Callitriche agg. 9 15 22 17 1 5 6 2
Potamogeton obtusifolius - - 18 39 45 10 26 12 10 13
Potamogeton pusillus - - 27 17 31 2 10 7 6 10 1 1
Lemna minor - - - 64 76 61 38 7 9 8 3
Persicaria amphibia (-) 27 24 11 15 20 5 7 6 3 1
Ranunculus circinatus 7 7 20 13
Zannichellia palustris 18 2 6 4 6 5 4 1
Callitriche obtusangula 4 1 6 1
Ceratophyllum demersum 9 1 50 18
Spirodela polyrhiza 4 13
Butomus umbellatus 2 10
cont. of Table 4.
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become more similar and at low transparencies 
angiosperms may replace charophytes at the maximal 
depth of colonisation (Middelboe & Markager, 1997). 
Owing to the species-specific light requirements of 
charophytes, therefore, it is not entirely surprising that 
particularly deep-growing species Chara hispida, Chara 
globularis var.  virgata, Chara rudis and a few Nitella spp.  have 
been shown to decline with increasing TP in contrast to 
species associated also with shallower water, found present 
in lakes with TP concentrations up to and exceeding 200 
μg L-1  (Søndergaard et al., 2010).  Also Penning et al. (2008) 
found variation in the response of charophytes to 
increasing TP in lakes across Europe, however charophytes 
seemed on the whole more sensitive than tolerant to 
eutrophication in high-alkalinity lakes. Laboratory 
experiments on the sensitivity of charophytes to increasing 
P concentrations have shown different but generally high 
tolerances for different species (Blindow, 1988; Simons 
et al., 1994) and direct effects of P are therefore unlikely.
Changes in species abundance and diversity may 
be a response to an interaction of P and N increases – for 
example, for a range of Danish lakes within intermediate 
to high P concentrations, macrophyte abundance has 
been found to depend on total N concentration with a 
threshold of 2 mg L-1 (González Sagrario et al., 2005). 
James et al. (2005) found N concentrations to show a 
strong inverse relationship with diversity in an analysis 
of 42 UK and 18 Polish lakes.  Generally, there were 
clear differences in diversity between lakes with a winter 
nitrate concentration above and below 1 to 2 mg -N L-1. 
With regard to charophytes, statistical analysis of their 
presence, abundance and absence in 62 UK sites revealed 
that N concentration, rather than P, explained most 
presence or absence patterns, with a transition from likely 
presence to absence occurring at concentrations of 2 mg 
L-1 (Lambert and Davy, 2011). Lambert & Davy (2011) 
also found independent effects of copper, suggesting it is 
particularly toxic to charophytes, as shown also for other 
algae.  In the laboratory, the sensitivity of charophytes to 
nitrate (as N) is variable, with increased growth observed 
of C.  major at up to ~ 5 mg L-1 , and lower values for C. 
connivens (Simons et al., 1994). Lambert & Davy (2011) 
found linear decline in the relative growth rate of Chara 
globularis above N concentrations of 0.5 mg L-1 , and a 50 
% interference of daily relative growth rate was observed 
at 5.6 mg L-1 .  These values seem to compare with results 
from growth experiments using species commonly found 
cohabitant with charophytes, which makes it difficult 
to draw any firm conclusions on the potential for direct 
effects of nutrients on macrophyte species succession in 
eutrophic lakes (Ozimek et al., 1993; Boedeltje et al., 2005).
Charophytes have declined or even disappeared from 
lakes with comparatively low nutrient concentrations 
(Krause & King, 1994; Davidson et al., 2002; Hargeby 
et al., 2007).  For example, owing to declines in charophyte 
populations in Irish lakes, Free et al. (2007) suggested a 
TP limit of 7 μg L−1 for the High/Good ecological status 
boundary. These observations suggest an interplay of 
several factors is likely.  In addition to light limitation and 
potential effects of nutrients, the structure and chemical 
properties of sediment also influence macrophyte stands. 
The looseness of organic, eutrophic sediments decreases 
anchorage strength, resulting in a higher likelihood of 
uprooting and population decline (Schutten et al., 2005). 
Anchorage is further weakened where shorter and thicker 
roots grow in response to oxygen depletion by microbial 
decomposition of organic matter (Raun et al., 2010). 
Smith (2003) confirmed similar patterns for charophytes, 
with decreases in shear strength linked to increasing 
organic matter content associated with charophyte decline. 
Smith (2003) also found that oospores deposited in soft 
sediments were likely to sink to depths of poor germination 
potential. Oospore germination is also prevented by 
H2S, produced through microbial reduction in anoxic, 
reducing conditions (Sederias and Colman, 2009).
Specific eutrophication–driven changes also occur 
among Potamogeton species (Willby, 2005).  Although 
they are of similar type (tall–growing/canopy–forming), 
those declining typically have relatively poor bicarbonate–
assimilation capacity (P. polygonifolius) (Allen & 
Spence, 1981; Maberly & Spence, 1983), are associated with 
rather moderate alkalinity (P.  gramineus, P.  praelongus) 
(Vestergaard & Sand-Jensen, 2000) and/or are characterised 
by slow growth (P.  lucens, P.  praelongus) (Sand-Jensen 
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et al., 2000).  However, owing to seasonal differences in 
bicarbonate uptake capacity, direct comparisons between 
species may be unreliable (Maberly and Spence, 1983). 
Common species in eutrophic marl lakes correspond 
to those in other lake types, for example P.  pusillus, P. 
crispus, P.  pectinatus (Wiegleb et al., 1991; Vestergaard 
& Sand-Jensen, 2000; Egertson et al., 2004) and similar 
patterns of macrophyte succession also seem to take 
place in hardwater lotic environments (Carbiener et al., 
1990).  At a mature stage of eutrophication, the species 
composition of a eutrophic marl lake can be very similar 
to that of other eutrophic alkaline lakes, being dominated 
by floating-leaved species such as Nuphar lutea, tolerant 
Potamogeton spp., and low or zero abundance of charophytes 
in contrast with other genera associated with productive 
lakes such as Lemna and Zannichellia.  Therefore, it may be 
difficult to identify a eutrophic lake as a marl lake unless 
sampling revealing change over time has been undertaken.
The trajectory of ecological degradation in marl 
lakes against nutrient concentrations and time has not 
been adequately described. For example, assuming 
charophytes enforce positive feedbacks on water clarity 
and low nutrient conditions (Ibelings et al., 2007; van den 
Berg et al., 1999; Steinman et al., 2002), shallow and 
moderately deep marl lakes in particular could be 
expected to undergo rapid ecological degradation once 
a threshold is exceeded.  Rapid changes could also be 
expected in deep marl lakes despite low proportional 
macrophyte coverage, as a threshold for coprecipitation 
inhibition could tip the lake from nutrient immobilisation 
to phytoplankton.  Is there evidence for a breaking point in 
the buffering function of charophytes and coprecipitation, 
or is ecological degradation a more gradual, even process? 
Palaeolimnological studies and 
long–term monitoring of eutrophied 
calcareous lakes
Short-term studies demonstrating coprecipitation 
and therefore limitation of epilimnetic P (Otsuki and 
Wetzel, 1972; Murphy et al., 1983; Hamilton et al., 2009) 
may provide a snapshot only of the mechanisms operating 
in marl lakes, and true sensitivity may only be revealed in 
the long-term, especially with regards to wider, ecological 
responses.  While long-term monitoring records of lakes 
are comparatively rare, information on historical change is 
accessible through analysis of lake sediments by means of 
stable isotopes, and biological remains such as macrofossils, 
diatoms, cladocerans, and chironomids (Smol et al., 2001). 
Palaeolimnology has therefore emerged as a powerful 
tool in eutrophication studies (Bennion, 2004; Birks & 
Birks, 2006; Bennion & Battarbee, 2007; Sayer et al., 2010b). 
Substantial centennial-scale eutrophication-related changes 
in biota have been recorded in a multitude of lakes (see 
e.g. Birks et al., 2000; Bradshaw et al., 2005;  Rasmussen & 
Anderson, 2005;  Hobæk et al., 2012; McGowan et al., 2012), 
yet palaeolimnological publications relating to calcareous 
lakes and marl lakes in particular, are scarce.
A number of deep calcareous lakes have been the 
subject of comprehensive research combining limnological 
and palaeolimnological studies, including Baldeggersee 
(Switzerland), Lake Mendota (USA), Lake Ontario 
(Canada/USA), Nagawicka Lake (USA), and Arendsee 
(Germany).  Deep calcareous lakes are fundamentally 
different from shallow lakes due to CaCO3 precipitation 
focused around plankton, rather than macrophytic and/or 
benthic productivity.  Calcite precipitation and inorganic/
organic δ13C in particular have been studied at these sites. 
In general, historically recorded increases in productivity 
and nutrient loading correlate with increases in sediment 
core carbonate (CaCO3) concentrations, as biologically 
induced CaCO3 precipitation is inherently dependent on 
photosynthesis (Schelske and Hodell, 1991; Anderson 
et al., 1993; Teranes et al., 1999; Hollander & 
Smith, 2001; Neumann et al., 2002; Robertson et al., 2007).
While most of the aforementioned lakes have high 
TP concentrations (at least occasionally exceeding 100 
μg L−1), only Balderggersee data, through decreased core 
CaCO3 accumulation rates, suggest P-inhibited CaCO3 
precipitation as eutrophication becomes more severe at TP 
between 300 and 500 μg L−1 (Teranes et al., 1999).  This is in 
agreement with the threshold concentrations of 300 μg L−1 
found by Danen-Louwerse et al. (1995) in the laboratory. 
However, even under present TP concentrations around 
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100 μg L−1, Teranes et al. (1999) suggested short–term 
P inhibition of CaCO3 precipitation takes place in the 
spring until biological P uptake reduces concentrations 
to levels promoting precipitation. This phenomenon is 
also related to the development of strong supersaturation 
and particularly large CaCO3 grains, which relates to the 
increasing grain size recorded in the core in correlation 
with increasing historical TP (Teranes et al., 1999). 
Increasing grain size (and therefore greater weight–to–
surface area) may result in decreasing dissolution upon 
sedimentation (Müller et al., 2006). Interestingly, in a 
series of calcareous lakes in Iowa (TP range around 10 to 
600 μg L−1), calcite precipitation as recorded in sediment 
cores has seemingly not decreased with time and 
increasing eutrophication, despite potentially inhibitory 
concentrations of P (Heathcote & Downing, 2012).
At Baldeggersee, Teranes & Bernasconi (2005) also 
investigated the balance between (anoxic) microbial and 
epilimnetic phytoplanktonic productivity as indicated 
by the difference between δ13C of sediment CaCO3 and 
organic matter, supporting the eutrophication model 
developed by Hollander & Smith (2001) based on Lake 
Mendota (USA) and Lake Greifen (Switzerland). The 
model links increased productivity and nutrient loading 
with water column hypoxia/anoxia, such that microbially 
mediated degradation of organic matter becomes more 
prevalent as eutrophication progresses, overwhelming 
epilimnetic photoautotrophic productivity at intermediate 
TP concentrations until a concentration approaching 
200 μg L−1, when the situation again reverses.  Increasing 
anoxia entails increased production of CO2, which 
acts as an acid. Therefore, substantial development of 
anoxia and shallowing of oxygenated water layers may 
also affect the chemical function of marl lakes through 
effects on pH and CaCO3 solubility (Megard, 1968).
Elevated temperatures promoting stratification and 
production in the water column also drive carbonate 
precipitation, increases in which, further back in 
time, have been linked with climatic changes such 
as the Hypsithermal (Mullins, 1998) and the Eemian 
(Mirosław-Grabowska & Niska, 2007).  As such, current 
climate change may also influence the amount of 
carbonate precipitated in calcareous lakes in addition to 
eutrophication effects if present, for example Mullins (1998) 
suggested more recent increases in carbonate precipitation 
in Cayuga Lake (USA) were a lake response to warming.
Palaeolimnological studies of shallower calcareous/
marl lakes typical of those found in the UK are comparatively 
few. A number of palaeolimnological studies, whilst 
using sediments of marl lakes, have addressed questions 
relating to millennial-scale climate and (terrestrial) 
vegetation reconstructions using pollen and isotopes 
(Pigott & Pigott, 1959; Pigott & Huntley, 1980; Jones 
et al., 2002; Marshall et al., 2002;  Nuñez et al., 2002), but 
provide little insight into ecological change over the last 
100 years or so. The few palaeoecological studies that 
have examined marl lake response to eutrophication 
over the last century indicate that successional changes 
in macrophyte communities have taken place along with 
more recent increases in pelagic productivity, suggesting 
that rapid eutrophication-driven biotic shifts, including 
those to a turbid state, have generally not occurred.
The Chara–angiosperm shift observed in sediment cores 
from several marl lakes are in support of contemporary 
evidence for charophyte sensitivity to eutrophication.  For 
example, both the Bosherston Lakes in Wales (UK) (Rees 
et al., 1991; Davidson et al., 2002) and Ormesby Broad (UK) 
(Davidson et al., 2008) have undergone centennial-scale 
shifts from Chara- to angiosperm-dominated communities. 
In the very shallow Upton Little Broad (UK) (maximum 
depth <1 m) light limitation is very unlikely to develop, 
however Chara species successions and increases in pelagic 
cladocerans have taken place over the last two centuries 
(Davidson et al., 2006).  In the slightly deeper Felbrigg Lake 
(UK), a very similar, again gradual, successional change 
has been recorded, including recession of macrophytes 
from the deeper areas (Sayer et al., 2010a).  Further afield, 
the eutrophication history of Lake Balaton (Hungary) 
has been extensively researched, including the use of 
subfossil cladocerans showing a record of plant-associated 
cladocerans in coherence with historical macrophyte 
abundance, revealing early eutrophication stages of 
increased macrophyte abundance followed by increasing 
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productivity in the pelagic zone, again over at least two 
centuries (Istvánovics et al., 2008; Korponai et al., 2011).
Several studies on marl lakes have attempted to 
reconstruct the recent P history of the sites based on 
diatom transfer functions (Anderson et al., 1993; Pan and 
Brugam, 1997; Garrison, 2004; Selby et al., 2005; Hübener 
et al., 2009). However, this method has shortcomings 
when applied to marl lakes, firstly due to predominantly 
poor valve preservation in alkaline lake sediments 
(Flower, 1993), which also may explain the relative 
paucity of palaeo-studies exploring the eutrophication 
history of marl lakes. Secondly there are problems 
associated with the application of diatom transfer 
functions to shallow lakes (Bennion et al., 2001), which 
form the majority of marl lakes in the UK. Finally, the 
possibility of overestimated TP concentrations owing 
to the high proportion of HCO�3 in DIC and therefore 
misleadingly high presence of ’eutrophic‘ species in marl 
lakes should not be disregarded (Lund, 1961; Bennion 
et al., 1997; Reynolds, 1998; King & Champ, 2000). 
These factors notwithstanding, nutrient enrichment, 
coupled with increases in carbonate precipitation, have 
been identified through diatom community changes 
(e.g. Cyclotella–Stephanodiscus–Asterionella succession) 
for Crawford Lake in Canada, owing to both Iroquois 
settlements predating the 1500s and further agricultural 
development from the late 1800s (Ekdahl et al., 2004).
Although charophytes are often portrayed as rapid 
colonisers of empty sites (e.g. Moore, 2005), their return in 
impacted lakes can be more gradual (Ibelings et al., 2007). 
van den Berg et al. (2001) found that colonisation to closed 
canopy densities of C.  aspera only developed at oospore 
densities exceeding 104 m-2, suggesting charophytes 
cannot become abundant unless the sediment has a high 
propagule bank, even with satisfactory water clarity. 
Further, while reduced external nutrient loading in 
the Bosherston Lakes led to the return of charophytes, 
this was not recorded as increases in oospore numbers 
in the sediment record.  This was attributed to poor 
plant health, and corresponds to other studies showing 
reduced oospore production under stress (Stross 1979; 
Martin 2001; Bonis & Grillas 2002; S.  Lambert, personal 
communication; J.  Harris, personal communication).  The 
accumulation of oospores may require time, potentially 
limiting recolonisation beyond existing vegetation borders. 
However, recolonisation can be rapid where conditions 
are suitable (Simons et al., 1994; Blindow et al., 2002)
As for mature charophytes, light conditions are also 
important for germling survival (de Winton et al., 2004). 
Conclusion
The literature review suggests that marl lakes may 
not be particularly resistant to eutrophication. While P 
immobilisation can be substantial during the growing 
season, sediment P recycling takes place in the long term, 
promoting eutrophic conditions especially in deeper lakes 
with anoxic hypolimnia with lower pH. In shallower 
lakes with abundant macrophytes, increasing nutrient 
loads and thereby phytoplankton abundance lead to 
increasing competition for light under elevated nutrient 
concentrations, and a reduction in the standing crop of 
charophytes in favour of angiosperms.  Such changes may 
be exacerbated by the suppression of charophyte-driven 
marl precipitation, and in some instances by high P and 
organic matter concentrations. High autochthonous 
productivity results in increasingly organic, loose sediment 
unfavourable to many macrophytes, and if nutrient 
enrichment persists, marl lakes may cease to function as 
marl lakes. These conclusions, however, remain vague 
in the absence of more results relating internal lake 
function to external nutrient loading, and more historical 
studies relating ecological degradation (macrophyte/
phytoplankton and other community shifts) to actual, 
rather than inferred, nutrient concentrations.
Despite evidence of eutrophication-driven change, 
and high sensitivity of macrophyte communities to 
enrichment, most of the contemporary and palaeolimno-
logical studies reviewed here do not suggest a prevalence 
of sudden or rapid eutrophication-driven shifts in marl 
lakes, although stepwise changes in both macrophyte and 
animal communities were observed in some of the palae-
olimnological data.  However, this trend may also be an 
artefact of the relatively short nutrient gradient covered 
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by the lakes reviewed here, and the absence of studies 
recording macrophyte changes in addition to nutrient 
concentrations over time. Owing to both a scarcity of 
palaeolimnological studies and the absence of a marl-lake 
aspect in existing studies, substantial research gaps relating 
to the understanding of recent anthropogenic ecological 
change in marl lakes remain, particularly shallow marl 
lakes in the UK, and also changes in colonisation depths 
of particular genera or species. Increased understanding of 
the extent and rate of ecological change in this lake type is 
invaluable not only within the field of freshwater ecology, 
but also for conservation and management purposes. 
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